Introduction
Unsaturated germylene is a kind of quite unstable active intermediate. In 1997, Clouthier et al. 1 from University of Kentucky observed the first unsaturated germylene-germylidene, which is produced by striking an electric discharge in a high-pressure argon pulse using the tetramethylgermane (TMG) vapor as the precursor. They obtained its molecular structure and the ab initio predictions, 2 electronic spectrum 2 and oscillatory fluorescence decay 2 of jet-cooled germylidene (H 2 C=Ge:), and learnt the ground state 3 of H 2 C=Ge: and D 2 C=Ge:, the stimulated emission pumping (SEP) spectroscopy 4 of the first excited singlet state of germylidene. Stogner and Grev 5 have published the extensive ab initio calculations on both germylidene and the trans-bent germyne HCGeH isomer. They found that germylidene is the global minimum on the H 2 C=Ge: potential energy surface, with germyne some 43 kcal/mol higher in energy. The barrier to germyne isomerization was predicted to be only 7 kcal/mol and no stable linear germyne structures could be found. Nazari and Chen et al. 6, 7 on the compounds of silicon and germanium has been well studied. With regard to the cycloadditon reaction of the unsaturated germylene, we have done some elementary discussion. [8] [9] [10] [11] But these studies are limited to the cycloaddition reaction of H 2 C=Ge: and its derivatives. There are no reports on the cycloaddition reaction of H 2 Ge=Ge: and its derivatives till now, it is a new branch of unsaturated germylene's cycloaddition reaction. It is quite difficult to investigate mechanisms of cycloaddition reaction directly by experimental methods due to the high activity of H 2 Ge=Ge: and its derivatives, therefore, the theoretical study is more practical. To explore the rules of cycloaddition reaction between H 2 Ge=Ge: (include its derivatives) and the asymmetric π-bonded compounds, taking into account the diversity of halogenated X 2 Ge=Ge: (X=F, Cl, Br), Cl 2 Ge=Ge: and formaldehyde were selected as model molecules, the cycloaddition reaction mechanism (considering the H and Cl transfer simultaneously) was investigated and analyzed theoretically. The results show that the cycloaddition reaction consists of four possible pathways, as follows: Computational Methods MP2/6-31G* 12 implemented in the Gaussian 03 package is employed to locate all the stationary points along the reaction pathways. Full optimization and vibrational analysis are done for the stationary points on the reaction profile. Zero point energy and CCSD(T) corrections are included for the energy calculations. In order to explicitly establish the relevant species, the intrinsic reaction coordinate (IRC) 13, 14 is also calculated for all the transition states appearing on the cycloaddition energy surface profile.
Results and Discussions
Reaction (1) Figure 1 , the energies are listed in Table 1 , and the potential energy surface for the cycloaddition reaction is shown in Figure 2 .
According to Figure 2 , it can be seen that the reaction (1) consists of four steps: the first one is that the two reactants (R1, R2) form an intermediate (INT1), which is a barrierfree exothermic reaction of 99.5 kJ/mol; the second step is that the intermediate (INT1) isomerizes to a four-membered Ge-heterocyclic ring germylene (P1) through transition state (TS1) with an energy barrier of 15.4 kJ/mol; the third and fourth steps are that the P1 undergoes Cl and H transfer via transition states TS1.1 and TS1.2 with energy barriers of 36.7 and 177.8 kJ/mol, respectively, resulting in the formation of products P1.1 and P1.2. Because the energies of P1.1 and P1.2 are 6.6 and 96.8 kJ/mol higher than that of P1, so the reactions of P1→P1.1, P1→P1.2 are prohibited in thermodynamics at the normal temperature and pressure, reaction (1) will end in product P1.
Reaction (2): Channel of Forming a Spiro-Ge-Heterocyclic Ring Compound (P2). In reaction (2), the fourmembered Ge-heterocyclic ring germylene (P1) further reacts with formaldehyde (R2) to form a spiro-Ge-heterocyclic ring compound (P2). The geometrical parameters of intermediate (INT2), transition state (TS2) and product (P2), which appear in reaction (2) are given in Figure 3 . The energies are listed in Table 1 , and the potential energy surface for the cycloaddition reaction is shown in Figure 2 .
According to Figure 2 , it can be seen that the process of reaction (2) as follows: on the basis of P1 formed from the reaction (1) between R1 and R2, the P1 further reacts with formaldehyde to form an intermediate (INT2), which is a barrier-free exothermic reaction of 81.1 kJ/mol; next, the intermediate (INT2) isomerizes to a spiro-Ge-heterocyclic ring compound (P2) via a transition state (TS2) with an energy barrier of 56.9 kJ/mol. Because the energy of P2 is 36.8 kJ/mol higher than that of INT2, so the reaction of INT2 → P2 is a endothermic reaction.
Reaction (3): Channels of Forming a Four-Membered Ge-Heterocyclic Ring Germylene (INT3), H-Transfer Product (P3). The geometrical parameters of the four-membered Ge-heterocyclic ring germylene (INT3), transition state (TS3) and product (P3) which appear in reaction (3) between Cl 2 Ge=Ge: and formaldehyde are given in Figure 4 . The energies are listed in Table 1 , and the potential energy surface for the cycloaddition reaction is shown in Figure 2 .
According to Figure 2 , it can be seen that reaction (3) Figure 1 . Optimized MP2/6-31G* geometrical parameters and the atomic numbering for the species in cycloaddition reaction (1) . Lengths are in Å and angles in degree.
consists of two steps: the first step is that the two reactants (R1, R2) form a four-membered Ge-heterocyclic ring germylene (INT3), which is a barrier-free exothermic reaction of 170.7 kJ/mol. The second step is that the INT3 undergoes Htransfer between Ge(1)−C via transition state (TS3) with energy barrier of 59.7 kJ/mol, resulting in the formation of product (P3). Because the energy of INT3 is 20.1 kJ/mol higher than that of P3, so the reaction of INT3→P3 is prohibited in thermodynamics at the normal temperature and pressure, reaction (3) will end in product INT3. According to Figures 1, 2, 4 and statistical thermodynamics formula:
and ΔG T (i) = −RT ln K i , it can be seen that INT1 and INT3 are isomerides, R1+R2 → INT1 and R1+R2 → INT3 are two parallel reactions, the equilibrium distributions of INT1 and INT3 are Table 1 , and the potential energy surface for the cycloaddition reaction is shown in Figure 2 .
According to Figure 2 , it can be seen that the process of reaction (4) Reaction Channel. According to the above analysis, reaction (4) should be the dominant reaction channel of the cycloaddition reaction between singlet Cl 2 Ge=Ge: and formaldehyde, as follows:
In the reaction, the frontier molecular orbitals of R2 and INT3 are shown in Figure 6 . According Figure 6 , the frontier molecular orbitals of R2, INT3 can be expressed in schematic diagram 7. The mechanism of the reaction could be explained with the molecular orbital diagram (Fig. 7) and 
Conclusion
On the basis of the potential energy surface obtained with the CCSD(T)//MP2/6-31G* method for the cycloaddition reaction between singlet Cl 2 Ge=Ge: and formaldehyde, it can be predicted that the dominant reaction pathway of the cycloadditional reaction is reaction (4) . It consists of three steps , the first step is that the two reactants (R1, R2) form a four-membered Ge-heterocyclic ring germylene (INT3), which is a barrier-free exothermic reaction of 170.7 kJ/mol; the second step is that the INT3 further reacts with formaldehyde (R2) to form an intermediate (INT4), which is also a barrier-free exothermic reaction of 132.1 kJ/mol; the third step is that INT4 isomerizes to a spiro-Ge-heterocyclic ring compound (P4) via a transition state (TS4) with an energy barrier of 57.3 kJ/mol.
The π orbital of X 2 Ge=Ge: (X = H, Me, F, Cl, Br, Ph, Ar……) and the 4p unoccupied orbital of Ge: in X 2 Ge=Ge: (X = H, Me, F, Cl, Br, Ph, Ar……) are the object in cycloaddition reactions of X 2 Ge=Ge: (X = H, Me, F, Cl, Br, Ph, Ar……) and the asymmetric π-bonded compounds. The [2+2] cycloaddition reaction between the π orbital of X 2 Ge=Ge: (X = H, Me, F, Cl, Br, Ph, Ar……) and the bonding π orbital of the asymmetric π-bonded compounds leads to the formation of the four-membered Ge-heterocyclic ring germylene. The 4p unoccupied orbital of Ge: atom in the four-membered Ge-heterocyclic ring germylene further reacts with the bonding π orbital of the asymmetric π-bonded compound to form an intermediate. Because the Ge atom in the intermediate undergoes sp 3 hybridization after transition state, then, the intermediate isomerizes to a spiroGe-heterocyclic ring compound. 
